Abstract. New conjugated PPV derivatives containing the chiral isosorbide group (P1-3) have been synthesized via the Gilch reaction. The polymers are optically active, soluble in common organic solvents and show good film-forming abilities. High number-average molecular weights were determined by size exclusion chromatography (SEC) (16·10 3 -21·10 3 g·mol -1 ). The molecular structures of the polymers were confirmed by nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectroscopies. Thermogravimetric analysis of the polymers showed good thermal stability up to 320°C. The optical properties of these !-conjugated materials were investigated by UV-vis absorption and photoluminescence (PL) spectroscopies. The polymers show a yellow fluorescence in dilute solution, and an orange emission is observed in thin films. The introduction of the polar isosorbide groups improved the PL intensity, and quantum yields between 50 and 73% were obtained. The HOMO-LUMO energy levels were estimated by cyclic voltammetry, and the electrochemical gaps were 1.81, 1.83 and 2.48 eV for P1, P2 and P3, respectively. Single-layer diode devices were fabricated and show relatively low turn-on voltages between 3.1 and 3.4 V. Vol.8, No.10 (2014) 709-722 Available online at www.expresspolymlett.com DOI: 10.3144/expresspolymlett.2014.74 * Corresponding author, e-mail: mustapha.majdoub@fsm.rnu.tn © BME-PT insoluble in common organic solvents. This intractability has been addressed by chemically attaching aliphatic side-chains to the polymer backbone [19] . Hence, many PPV-type architectures are processed in a derivative form. The effects of the side-group structure on the opto-electronic properties have been extensively investigated [20] . However, most studies have involved nonpolar sidechains, and the effect of relatively polar side-groups was rarely reported (e.g PPV derivative containing ethylene oxide-type side chains) [12] . Here, we report the first PPV derivatives containing the polar and chiral isosorbide groups. In fact, the incorporation of chiral groups in polypyrroles and polythiophenes was reported. These groups confer original physico-chemical properties to the polymer [21] [22] [23] . Therefore, these optically active polymers were used to prepare chiral electrodes for asymmetric electrosynthesis, polarization-sensitive electro-optical devices, polarized photo-and electroluminescent devices and enantioselective sensors [24] . Herein, we present the synthesis and structural characterizations of the isosorbide-containing PPVs; the thermal, thin film surface, optical and electrochemical properties were investigated.
Introduction
The discovery of electroluminescence in poly (pphenylenevinylene) (PPV) in 1990 [1] created a new domain in polymeric material applications. Since then, enormous progress has been made in the macromolecular engineering of the !-conjugated polymers and in their uses as active materials in polymeric light-emitting diodes (PLEDs) [2] [3] [4] [5] [6] . These polymers are promising organic analogues of inorganic semi-conducting materials, and their exploitation in other electronic devices, such as thin-film transistors [7, 8] , photovoltaic cells [9, 10] , chemical sensors [11] and organic lasers [12] are currently expanding. The main advantages of using such functional polymers lie in their low production cost and easy processibility. In fact, these materials are compatible with solution processing techniques, thus eliminating the vacuum deposition steps usually required for the elaboration of inorganic semi-conducting thin layers. Solution processing also expands the repertoire of tolerant substrates and processing options, allowing flexible plastics to be used in combination with relatively simple methods such as spin coating and inkjet printing. Though, the major characteristic of the semi-conducting polymers is their adjustable macormolecular structure and consequently there tuneable opto-electronic properties [13] [14] [15] [16] . Among !-conjugated polymers, the poly (pphenylene vinylene) (PPV) and its derivatives are the most studied and exploited [17, 18] . Due to the high rigidity of the macromolecular structure, PPV is NMR spectral data were obtained on a Bruker AV 300 spectrometer (Biospin, Strasbourg, France). Fourier transform infrared (FTIR) spectra were acquired on a Perkin-Elmer BX FTIR (Perkin-Elmer, California, USA) system spectrometer by dispersing samples in KBr disks. Size exclusion chromatography (SEC) was performed on an Agilent Technologies 1200 HPLC (Agilent, France). The experiment was done at room temperature using THF as eluent with standard polystyrene calibration. Thermogravimetric analysis (TGA) was carried out on TA Instruments Q50 (TA Instruments, USA) under nitrogen at a heating rate of 10°C·min -1 . DSC was performed on a Mettler Toledo DSC1(Mettler Toledo, France) with a heating rate of 10°C·min -1 . UV-vis absorption spectra were recorded on a Cary 300 spectrophotometer (Agilent, France). Fluorescence spectra were obtained on a Jobin-Yvon spectrometer HR460 (HORIB, Kyoto, Japan) coupled to a nitrogencooled Si charged-coupled device (CCD). Samples were excited at 365 nm with a 450 W xenon lamp. The spectral sensitivity of the measurement system was calibrated using tungsten standard lamp. The PL quantum yields were measured in dilute chloroform solution according to a relative method using quinine sulfate (Sigma-Aldrich, France) (10 -5 M solution of 0.5 H 2 SO 4 ) [25] . Absorbance of the sample solutions was kept below 0.05 to avoid inner filter effect, and measurements were performed at room temperature using freshly prepared solutions. Both sample and reference solutions were excited at the same wavelength (365 nm), and the PL quantum efficiency of the quinine sulfate solution (" r ) was assumed to be 0.54 [26] . Hence, the PL quantum efficiency of the sample (" s ) can be calculated using Equation (1): (1) where A r and F r are the absorbance at the excitation wavelength and emission integration area for the reference, A s and F s are the absorbance and emission integral for the sample, while n s and n r are the refractive index of the polymer solution and quinine sulfate solution, respectively. For solid state optical measurements, the film was spin-coated onto a quartz substrate from 50 #L of a chloroform solution (2·10 -2 M). The film thicknesses were measured by a Dektak profilometer (Sloan, USA) and were about 60 nm. Film thickness was controlled
by spinning rate to obtain comparable thicknesses and so similar refractive indices. Thus, the ratio of PL quantum yields of three film samples can be calculated according to Equation (2):
The atomic force microscopy (AFM) analyses of the polymer coated glass surfaces were carried out using a Nanoscope III (Digital Instruments, Santa Barbara, CA) operating in the tapping mode. Contact angle measurements with three different liquids (DI water, formamide and diiodomethane) were performed with Digidrop (GBX, France) contact angle instrument. Every reported contact angle measurement represents an average value of at least three separated drops on different areas of the given wafer. The size and volume of the drops were kept constant. Cyclic voltammetry (CV) was performed on a CHI 660B electrochemical station (CH Instruments Inc., USA) in a three-electrode cell and using material films that were drop-cast onto an indium tin oxide (ITO/1 cm 2 ) working electrode. The measurements were carried out at a scanning rate of 50 mV·s -1 against an Ag/AgCl reference electrode, a counter electrode made with a Platinum wire (1 cm of length) using 0.1 M tetrabutylammoniumfluoroborate ((nBu) 4 NBF 4 ) in acetonitrile as supporting electrolyte. The electrochemical cell was externally calibrated by ferrocene under the same conditions as the polymers. The measurements were performed at 25°C, and the cell was deoxygenated with argon before each reductive scan.
Synthesis of the monomers (e1-3)
120 mL of 5 M aqueous NaOH was added to 100 mL of 2 M isosorbide/THF solution. The mixture was cooled to 5°C. A solution of 4-toluenesulfonyl chloride (0.38 mol) in 100 mL of THF was added dropwise. After 2 h, the mixture was placed in a separating funnel and the phases were separated. The aqueous phase was extracted with dichloromethane (3$50 mL). The organic phases were combined and washed with water, dried over MgSO 4 1,4:3,6- (10 mmol) was refluxed with sodium ethoxide in ethanol (1 M) for 4 h. After cooling to room temperature, the solution was concentrated. The residue was then poured into distilled water and extracted with dichloromethane. The organic layer was washed several times with distilled water and dried over anhydrous MgSO 4 . The product was recuperated as a white powder by precipitation in petroleum ether. M.p: 82°C; yield 85%; ): 3400 (w, C-H, stretching).
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Synthesis of the 1,4:3,6-dianhydro-2-O-alkyl-5-[4-methoxyphenyloxy]-5-deoxy-L-iditols (d1-3)
A solution of 1,4:3,6-dianhydro-5-[4-methoxyphenyloxy]-5-deoxy-L-iditol (c) (10 mmol) in 10 mL of dry DMF was added dropwise under argon to a suspension of NaH (15 mmol) of a 60% dispersion in mineral oil; washed with hexane) in 10 mL of dry DMF. After stirring for 30 minutes at 0°C, a 12 mmol of alkyl bromide was added. The reaction mixture was stirred for 24 h at room temperature. The resulting mixture was then poured into distilled water and extracted with dichloromethane. ): 671 (s, C-Cl stretching).
Synthesis of the polymers (P1-3)
The corresponding dichloromethyl derivative (e1-3) (5 mmol) was dissolved in DMF (50 mL) under argon at room temperature. To the obtained solution was slowly added 27 mL of potassium tert-butoxide (0.75 M, in t-butanol). After 40 h, a second fraction (13.5 mL) of the base was gradually added while heating to 100°C. After 10 h, the resulting reaction mixture was cooled and 50 mL of methanol was added. 
Fabrication and characterization of the diodes
Single-layer devices were elaborated as sandwich structures between an aluminium (Al) cathode and an indium tin oxide (ITO) (ITO-thickness of 100 nm, sheet resistance of 20 '/square) anode. Polymer solution (2·10 -2 M in chloroform) was spin-cast (2500 rpm) onto ITO glass to obtain a film about 60 nm thick after annealing at 40°C for 1 h. A thin aluminium layer (150 nm) was deposited by thermal evaporation at 3·10 -6 Torr. The currentvoltage (I-V) characteristics of the devices were recorded with a Keithley 236 source meter (Keithley, Les Ulis, France).
Results and discussion 3.1. Synthesis and characterization
New isosorbide-containing chiral monomers (e1-3) were synthesized following a five-step pathway (Figure 1 ). The 2,5-O-ditosyl-1,4:3,6-dianhydro-Dsorbitol (a) was prepared in THF/aqueous NaOH two-phase system, according a previously described procedure [27] . The tosylated isosorbide was treated with methoxyphenol in sodium carbonate/DMF system; thereby, a selective endo-monoalkylated isosorbide derivative (b) was obtained. Indeed, the exo position reactivity is limited by the steric hindrance effect [28] . The deprotection of the isosorbide exo hydroxyl group was carried out by sodium ethoxide in ethanol [29] . The obtained derivative (c) was then O-alkylated with different aliphatic chain: ethyl, hexyl and dodecyl. The aromatic group of the isosorbide diethers (d1-3) was chloromethylated using the HCl/paraformaldehyde/acetic acid system [30] to obtain the corresponding isosorbide-containing monomers (e1-3). The PPV polymers (P1-3) were synthesized via the Gilch polycondensation of these aromatic dichloromethyl derivatives in DMF and using tert-butoxide as the basic condensing agent [20] (Figure 1 ). The PPV derivatives are optically active with a specific optical rotation ([&] D ) of -2850, -3000 and -3500° for P1, P2 and P3, respectively. The polymers were found to have good solubility in common organic solvents such as chloroform, dichloromethane, THF and toluene. The macromolecular structures were confirmed by NMR and FTIR spectroscopic analyses. The 1 H-NMR spectra ( Figure 2) show a broad peak between 7.4 and 7.1 ppm, wich was assigned to the aromatic and vinylic protons. The CH 2 O, CH 3 O groups and dianhydro protons appear at the 4.9-3.3 ppm range and the aliphatic groups give rise to a multiplet between 1.6 and 1.1 ppm. For all polymers, the IR spectra ( Figure 3 ) reveal an absorption band centered at 960 cm -1 which is assigned to the out-of-plane vibration of the E-vinylene groups. The Z-vinylene characteristic band (about 860 cm -1 ) [19, 31] was not observed, indicating a dominant E configuration. The number-average molecular weights (M n ) were in the range of 16 000-21 000 g·mol -1 and the polydispersity indices (I p ) were between 2.6 and 2.9, as determined by SEC analysis ( Table 1 ). The thermal properties of P1-3 were investigated by thermogravimetric (TGA) and differential scanning calorimetry (DSC) under ambient atmospheric conditions. The thermograms indicate that the polymers begin to degrade at about 320°C, losing less than 5% of their weight (Figure 4) . The major degradation takes place at 375°C; this process corresponds to the decomposition of the side-groups. The P1-3 showed improved thermal stability, in comparison with the PPV derivatives containing aliphatic side-chains, which decompose below 300°C [32] . This behavior is due to the incor- 1 H-NMR spectra of P1-3 
Thin-film surface properties
Polymer films on a glass substrate were prepared and characterized by atomic force microscopy (AFM) ( Figure 5 ). The results show a smooth surface with a root-mean-square (RMS) of 2.5 nm for the dodecyloxy-containing polymer (P3). The surface roughness increases with decreasing side chainlength: RMS values of 4.3 and 7.1 nm were found for P2 and P1, respectively. The thin films were also investigated by contact angle measurements, which provide a convenient way to characterize the surface polarity and reflect its functionality [33] . The van Oss-Chaudhury-Good model was exploited, using three test liquids (water, diiodomethane and formamide) [34] . For all polymers, the basic energy component outweighs the acidic aspect, which is due to the presence of oxygen-rich isosorbide units. However, higher polar energy was obtained in the case of P3 film, indicating a higher isosorbide density in its surface (Table 2 ).
Optical properties
The optical absorption and photoluminescence (PL) properties of the polymers were investigated both for chloroform solutions and thin solid films. The concentrations of the chloroform solutions were fixed at 5·10 -5 M in absorption and 2·10 -7 M and in PL. Uniform polymer films were prepared on quartz plates by spin-coating from chloroform solution at room temperature. The absorption and emission data for the polymers are summarized in Table 3 . Table 3 . Optical data for P1-3
Shoulder,
Spectrum full width at half maximum,
PL quantum yields The absorption and PL spectra of P1-3 solutions are illustrated in Figure 6 . The UV-vis spectra show a similar form with a maximum absorption at 480 nm for P1 and P2 and at 470 nm for P3. The different behaviors can be explained by the change in the environment surrounding the PPV conjugate systems. Indeed, because P3 has relatively long dodecyloxy side-chains, the environment of the !-conjugate system is less polar, therefore, its UV-vis absorption is blue-shifted compared to P1 and P2. On the other hand, the spectra of the polymer solutions show the same absorption onset, indicating no effect of the side-group size on the effective conjugation length. The comparison of P3 with the previously reported PPV derivative containing dodecyloxy side-chain [20] indicates a slight hypsochromic effect (!10 nm). Such behavior is probably due to the steric hindrance of the isosorbide groups, which decrease the planarity of the conjugated system, therefore, reduce the effective conjugation length. The polymer solu- tions exhibit a yellow fluorescence with a main emission band at 540 nm and a shoulder around 580 nm. Such vibrational structure is characteristic of the PPV system and is attributed to a coupling of the phenylene ring stretching modes with the !-!* electronic transitions [35] . The fluorescence quantum efficiencies of the isosorbide-based polymers were determined in dilute chloroform by a relative method using quinine sulfate as standard [26] . The obtained values are 51, 75 and 73% for P1, P2 and P3, respectively. The polymer P2 exhibits a significantly enhanced PL intensity in comparison with its isosorbide-free analogue MH-PPV (Figure 1 ), which shows a PL efficiency of 36%. This behavior can be attributed to the presence of the isosorbide moieties, which increase the rigidity of the macromolecular architecture. Besides, these polar groups may generate Keesom-type intramolecular interactions, which block the conformational changes. Hence, the available vibrational and rotational degrees of freedom were reduced and the loss of PL by such processes was considerably limited [36, 37] . The absorption and PL spectra of a solid film of P1-3 are displayed in Figure 7 . The polymer films present qualitatively the same absorption form as the corresponding solutions. Nevertheless, the spectra are broader and the absorption onsets significantly red-shifted. In fact, similar behavior is generally observed in !-conjugated polymers, and is attributed to the !-! interaction of the conjugated systems, hence, aggregate formation in the solid state [38] . The optical band gaps (E g-op ) estimated from the absorption onsets of the polymer films are 2.12, 2.09 and 2.12 eV for P1, P2 and P3, respectively.
The PL spectra of the polymer films show an orange emission with similar features (Figure 7 ). In comparison with solution state, broader and redshifted spectra were obtained (Table 3) , as result of excimer formation [39] . However, the red-shift value increases from P1 to P3, suggesting a higher interchain interaction in the P3 film. This red-shift order is opposite to that obtained in our previously study of the isosorbide-free analogues of P1-3 [20] . The difference can be explained by a more regular supramolecular organization in P1-3, as described in Figure 8 for the P2 comparing with MH-PPV. According to these suggested arrangements of the PPV systems, the interactions between the conjugated sequences were limited by the aliphatic side- Conversely, in P2 film, the presence of the polar isosorbide groups improves the inter-chain stacking by the Keesom interaction and changes consequently the probable arrangement of the PPV backbone. In thin solid film, under the identical conditions, the P2 shows the higher PL quantum yield as supported by the ratios of the polymer PL yields cited in Table 3 . The Photobleaching of polymer films was examined under excitation at 480 nm. For all polymers, the emission spectra show no change in shape during irradiation for 40 nm. However, the fluorescence intensity decreases with time as presented in Figure 9 . The results show that dodecyloxy containing polymer (P3) has the higher photo-oxidative stability.
Electrochemical and electrical characterization
Cyclic voltammetry (CV) was employed to investigate the redox behavior of the materials and to estimate their HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) energy levels. Knowledge of these energy levels is of crucial importance to the selection of cathode and anode materials for OLED devices [40] . The use of CV analysis is reliable, as the electrochemical processes are similar to those involved in charge injection and transport processes in OLEDs [41] . The organic films were drop-coated onto an ITO glass substrate and scanned both positively and negatively in (n-Bu) 4 NBF 4 /acetonitrile. The cyclic voltammograms obtained are shown in Figure 10 . According to an empirical method [42] and by assuming that the energy level of the ferrocene/ferrocenium couple is 4.8 V below the vacuum level, the HOMO energy level (E HOMO ), LUMO energy level (E LUMO ) and the electrochemical gap (E g-el ) can be calculated as shown by Equations (3)- (5):
where V FOC is the ferrocene half-wave potential (0.92 V), V onset-ox the polymer oxidation onset and V onset-red the polymer reduction onset, all measured versus Ag/AgCl. Accompanying the doping process, there was an obvious color change in the polymer film, i.e. orange in the neutral state and dark brown in the doped state, but no obvious reversible doping and dedoping process was observed. The HOMO and LUMO energy levels were estimated to be 4.27-4.97 and 2.46-2.54 eV, respectively. The electrochemical data-based energy diagram of polymers is presented in Figure 11 . Analysis of the energy levels of the three polymers shows comparable electron affinities. However, the ionization potential increases with the side-chain length. The poly (2-hexyloxy-5-methoxy-p-phenylene vinylene) (MH-PPV) was used to compare the energy levels of HOMO and LUMO with that of its analogue with isosorbide group in side chain. It indicates that the HOMO level of P2 is 0.2 eV higher in energy than that MH-PPV. Further, both polymers exhibit almost identical electronic affinities; hence, it showed a lower electrochemical gap. Three single-layer devices with the [ITO/polymer/Al] configuration were fabricated to investigate the current-voltage (I-V) characteristics of the isosorbide-PPV derivatives. As shown in Figure 12 , the I-V curves indicate typical diode behavior with relatively low turnon voltages of 3.41, 3.11 and 3.46 V for P1, P2 and P3, respectively.
Conclusions
We have synthesized and investigated a series of semi-conducting isosorbide-PPVs: various sidechains were attached to the PPV system (ethyloxy: P1, hexyloxy: P2 and dodecyloxy: P3). The polymers are prepared by Gilch polycondensation of chiral monomers. The synthesized polymers are optically active; they have good solubility and thermal stability going up to 320°C. The best homogeneity and the highest polarity were obtained for the P3 film. The optical band gaps of the polymer thin films are around 2.1 eV. The polymer solutions exhibit a yellow fluorescence (540 nm) with relatively narrow emission spectra. The fluorescence quantum efficiencies of the isosorbide-containing polymers were determined in dilute solution and were 51, 75 and 73% for P1, P2 and P3, respectively. The I-V characteristics of the devices with an ITO/polymer/Al configuration demonstrate typical diode behavior with relatively low turn-on voltages. 
